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Abstract-Among the compounds implicated as Environmental Endocrine Disruptors (EEDs), the most potent to alter the normal functions of the endocrine systems of organisms and humans are the natural and synthetic oestrogen. They are hydrophobic and ubiquitous and remain in the final effluents for the vast majority of sewage treatment plant. Land application of animal manures and sewage sludge as fertilizers has been reported to increase the amount of hormones in soil. However, the information on the factor that influences the occurrence of these compounds in this environmental compartment is limited. This study investigates the sorption affinity of these oestrogens on soils by determining its soil-water partition coefficient (K d ), sorption coefficient normalised to organic carbon (K oc ) and octanol-water partition coefficient (K ow ). In this study, different percentage of organic carbon was used. The results obtained shows that the K ow is a good predictor of sorption among contaminants as the affinity of oestrogens in soils is strongly dependent to their K ow values. This study also shows that the solid-water partition coefficient (K d ) of all oestrogens have good correlation to the organic carbon content. The calculated sorption coefficient normalised to organic carbon (K oc ) indicate a strong association of all oestrogens with organic carbon. Therefore it is concluded that the organic carbon is pertinent to the sorption of oestrogens in soils.
Index Terms-Octanol-water partition coefficient (K ow ), solid-water partition coefficient (K d ), sorption coefficient normalised to organic carbon (K oc ), organic carbon, sorption affinity.
I. INTRODUCTION
Steroidal hormones are relatively the most potent endocrine disrupters that may interfere the normal functions of the endocrine systems [1] . The most active oestrogens hormones which are secreted by the ovaries in woman of normal menstrual cycles and by the placenta in pregnant woman along with its metabolite oestrone is 17β-oestradiol. This naturally hormones are also being secreted by male as well as animals. Meanwhile, 17α-ethnyloestradiol (EE2) is one of the synthetic oestrogens which commonly used for oestrogen replacement therapy particularly in oral contraceptives formulations and hormone replacement therapy.
In the recent past, several studies reported detection of steroidal hormones at the surface waters and it has been revealed that even at 1 ng/l of 17β-Oestradiol (E2), it is able to reduce sperm fertility drastically as well as induce vitellogenin in male trout [1] . Previous researches show that the occurrences of steroidal hormones at surface water largely contributed from the incomplete removal in municipal wastewater treatment plant. The degrees to which contaminants from wastewater present a risk to human health depend on their concentration, mobility and fate to human receptors. As the steroidal hormones in aquatic environment has been extensively carried out unfortunately a very few study concerns to terrestrial organisms.
The exposure of soil to steroidal oestrogens is believed to occur from several sources such as land application of sewage reuse and animal manure and leaking from onsite sewage treatment. However, soil samples have largely been overlooked and the information on this environmental compartment is limited in the literature. Nevertheless, there is still evidence on the occurrence of these steroidal oestrogens in soils. Finlay Moore reported the detection of 17β-Oestradiol (E2) in a pasture topsoil (0 -2.5 cm) after 4 days amendment with poultry litter with a concentration of 305-820 ngL -1 and after 88 days it was still detected in the range between 60-125 ngL -1 [2] . Meanwhile, Beck recently reported the concentration of oestrogens in the ranges between 3 ngkg -1 and 25 ngkg -1 for 17β-Oestradiol (E2) and Oestrone (E1) in a cropland soil that had been regularly amended with manure three times a year, and 2 ngkg -1 and 12 ngkg -1 respectively in an intensively grazed pasture soil (0-15 cm) which was also amended with manure [3] . A few studies reported that disposal of animal manure to agricultural land could lead to movement of these compounds into groundwater [4] , [5] . Shore believed that a constant 17β-Oestradiol (E2) concentration of about 5 ngL -1 is spring waters was caused by infiltration through the soil profile to the groundwater following manure application to land [4] . Peterson in their work to study the impact of disposal of poultry manure by the poultry industry had measured 17β-Oestradiol (E2) concentrations ranging from 6 to 66 ngL -1 in mantled karst aquifers in Northwest Arkansas, an area where a large segment of the agricultural economy of United States of America is located [5] . Swartz attempted a study to understand the fate of organic sewage contaminants introduced to groundwater by installing a series of sampling wells immediately downgradient from a septic system that discharged sewage effluent to as hallow sandy aquifer of Cape Code, USA and reported the occurrence of 17β-Oestradiol (E2) and Oestrone (E1) with the concentrations approximately 10 ngL -1 and 80ngL -1 at 5m depth below the wells land surface and suggested that the concentrations detected indicate that the potential groundwater contamination exists [6] .
Due to the previous reported this study was initiated so as to understand the pertinent factor influences the presence of these compounds in soils. The objective of this work was to investigate the sorption affinity of these oestrogens on soils organic carbon as well as the relationship between sorption and their physicochemical parameters; octanol-water partition coefficient (K ow ).
II. MATERIALS AND METHODS

A. Chemicals
The molecular structures of the compounds under investigation are shown in Fig. 1 . [7] , [8] and [9] All analytical standards; 17β-Oestradiol (E2, > 99% purity), Oestrone (E1, > 99% purity), 17αEE (EE2, >98% purity), Napthalene (99% purity), Anthracene (>99% purity), Fluoranthene (>99.5% purity), Crysene (>95% purity), Benzo(a)pyrene (>97% purity) and Benzoic Acid (>99.5% purity) were purchased from Sigma Aldrich Ltd, United Kingdom. Acetonitrile (HPLC-Grade) and methanol (HPLC-Grade) were obtained from Fisher Scientific Laboratory, United Kingdom. Table I shows the physicochemical properties of the compounds under investigation.
B. Soils
Three soils used in this study namely I, II and III were classified as sandy loam (BS 3882:1994 Classification of Top Soil). The organic matter content was recorded to be different from each other. All soils were subjected to several tests in order to obtain their soil properties which accordance to British Standards and American Society Testing Standards [10] - [12] .
Organic carbon for all soils was determined in accordance with the ASTM standard D2974-00 [10] . The carbonate content was further assessed through the observation of any bubbles produced on addition of HCl from CO 2 liberated from breakdown of carbonates in the soils [13] . The experiment was negative for all soils. Thus, the total carbon (TC) is considered similar to the organic carbon in all soils [10] . Soil pH was obtained accordance to the BS 1377-3:1990 [12] . The organic carbon (OC) of soil II, II and III were 8.90%, 4.92%, and 1.62% while the pH were 5.5, 5.5 and 5.9 respectively.
C. Solution and Techniques of Analysis
The stock solutions of each compound were prepared at concentrations of 1000mg/l by dissolving in high performance liquid chromatograph HPLC-grade methanol. An initial concentrations solution for sorption experiments were prepared by mixing a desired volume of stock solutions with a background solution in a volumetric flask. The background solution for sorption experiments used was Nanopure water, which is accordance to ASTM E1195-01 Batch Equilibrium Method.
The initial aqueous concentrations were analysed by a reverse phase high performance liquid chromatography (RP-HPLC) with UV/VIS detector. The Allure Biphenyl 5μm, 60Å , 150 × 4.6 mm column was used as an analytical column. The ultra violet (UV) detector was set at a wavelength of 220nm for all compounds. The eluting solvent used was a mixture of HPLC-grade Acetonitrile and Nanopure water at ratios of 60:40 (v/v).
III. EXPERIMENT
A. Water Solubility Determination
In a screening sorption experiments, the water solubility of all chemicals were significantly lower than those in the EPI-Suite database as well as in previous literature review. Thus, an experiment to measure solubility under the same conditions as for the sorption experiments was carried out. Six replicate glass vessels (20 ml), each containing excessive solid of each oestrogenic steroid were used for each aqueous solution system. After shaking for 7 days, the vessels were set upright at least 1 day to allow residual organic crystals to accumulate at the bottom. A supernatant from each vessels were withdrawn by using a disposable glass pipette and were subjected to analytical procedure to analyse.
B. Sorption Experiment-Octanol-Water Partition Coefficient (K ow )
The determination of log K ow for each oestrogen was obtained by Shake Flask method. This method was in accordance with the Organisation for Economic Co-operation and Development (OECD) guidelines for the testing of chemicals [14] . The experiment was carried out at 20°C ± 0.1. In triplicate, each ratio of the individual oestrogens was shaken for 24 hours. Initially, water saturated with n-octanol and n-octanol saturated with water were prepared. In a 25 ml test tube, three ratios of saturated n-octanol:water 1:1, 1:2, and 2:1 were equilibrated with oestrogen at a concentration of 1800 mgL -1 . After completion of shaking, all tubes were centrifuged for 15 minutes by laboratory centrifuge maintained at 20°C ± 0.1. The aqueous phase was withdrawn and analysed by HPLC. The pH recorded was in the range 6.1 to 6.3 for all solutions.
C. Sorption Experiment-Solid-Water Partition Coefficient (K d )
Sorption coefficients of all compounds on soils were measured completely using a batch equilibrium method following laboratory procedure described in ASTM:E 1195-01. The experiments consisted a preliminary as well as a final test. The purpose of preliminary test was to determine an appropriate ratio of solid to solution as well as to obtain the equilibration time for each compound. In this study, sorption of all compounds reached equilibrium within 24 hours which is in agreement with previous study [15] , [16] .
For each batch equilibrium experiment, each of oestrogen solution was added to 0.25g of air-dry soils in duplicates in 25 ml centrifuge tubes. The initial aqueous concentration of each compound was below the water solubility (S w ) as well as above the limit of detection (LOD) of the analyses Tubes were then placed horizontally on an orbital shaker set at 300 rpm at 20 ± 0.5°C and in the dark. Shaking times were 24 hours as obtained from preliminary test. After equilibration, the tubes were centrifuged at 4000 rpm for 20 minutes. After centrifugation, the supernatants were further filtered through Whatman glass fibre glass (GF/C). The filtrates were then subjected to HPLC to quantify the concentrations of oestrogens remaining in solutions. The amount of oestrogens sorbed onto soil was determined indirectly by the differences between the initial and equilibrium concentrations. In all experiments, tubes containing no solids were run as a control to assess loss of compounds to the tubes. Blank samples were also conducted simultaneously in order to ensure no other contaminants present in the system. The sorption coefficients (K d ) and organic carbon normalised sorption coefficient (K oc ) were calculated using the following equations:
where q e is the concentration of compound adsorbed by the soil (mg/g) and C e is the final aqueous concentration of compounds after equilibration (mg/l).
IV. RESULTS AND DISCUSSION
A. Water Solubility From Table II , it can be seen that the water solubility values for all compounds were lower than the default EPISUITE values and available literature. 
B. Sorption Experiment-Octanol-Water Partition Coefficient (K ow )
The log K ow values for all oestrogens obtained is shown in Table III . The log K ow values obtained from this method for 17β-oestradiol (E2) and 17α-ethnyloestradiol (EE2) are lower than default values given by the computational model (Kowwin-EPISUITE) however the experimental log K ow values for oestrone (E1) was higher. This disparity between the experimental values and values given from the computational model is mainly because the default values given by the computational model (Kowwin-EPISUITE) were estimated from their structural property without accounting for ambient conditions. From this direct measurement of K ow for oestrogens, one clear conclusion can be drawn. Water solubility indicates a strong correlation with hydrophobicity as this method indicate the lowest water solubility oestrogen, oestrone (E1) is the most hydrophobic among them as shown by its highest log K ow values. 
In this study, a 24 hour period was required to reach equilibrium of oestrogens in all soils. Equilibrium periods of 24 hours or less have also been reported elsewhere [17] - [19] . For the examination of maximum capacity of oestrogens, a soil-water ratio of 1:250 gave the highest adsorption among the tested ratios however, due to the technical problem in weighing the individual material for soil mixes, a ratio 1 to 100 of soil-water was selected. All tubes were shaken for 24 hours at a constant temperature, 20°C ± 0.1 in the dark room and were filtered and pre-concentrated before injected into HPLC for analysis.
The adsorption isotherm for natural and synthetic oestrogens is generally linear over the ranges of concentration in all soils used. The linear regression analysis gave R 2 > 0.97 for all compounds. From this, the solid-water partition coefficient (K d ) for all oestrogens indicates good correlation to the organic carbon content as shown in Fig. 2 . Soil with greater organic matter adsorbed more oestrogens than soils with less organic matter content. 
D. Sorption Coefficient Normalised to Organic Carbon (K oc )
The calculated sorption coefficient normalised to organic carbon (K oc ) is shown in Table IV . The obtained values indicate a strong association of all oestrogens with organic carbon. K oc value of oestrone (E1) indicates as the least mobile oestrogen compared to 17α-ethnyloestradiol (EE2) and 17β-oestradiol (E2). Among the oestrogens, Oestrone (E1) shows the strongest adsorption onto all soils and it shows disparity from most of the previous studies which indicate 17α-ethnyloestradiol (EE2) as having the strongest adsorption onto soil. However, the stronger adsorption demonstrated by oestrone (E1) in this study is in agreement with a study reported by Hildebrand [15] . Equal sorptive strength between 17α-ethnyloestradiol (EE2) and oestrone (E1) onto the same sorbent have also been reported [20] .
E. Relation between Octanol-Water Partition Coefficient (K ow ) and Solid-Water Partition Coefficient (K d )
From this study, the sorption partition coefficient (K d ) of these oestrogens is accordance with hydrophobicity order obtained (based on log K ow values). The least hydrophobic oestrogen, 17β-oestradiol (E2) shows the weakest adsorption while Oestrone (E1), the most hydrophobic oestrogen, shows the greatest binding to all soils.
The results obtained in this study suggest that the octanol-water partition coefficient (K ow ) is an important parameter in predicting sorption in soils. The experimental of K ow is vital in every study to determine the adsorption potential of any compounds in soil or sediment in order to allow clear interpretation. However, most of the previous study either used default log K ow given by computational models or values cited in other literatures.
V. CONCLUSION
Sorption is the mechanism in determining the mobility and the environmental fate of oestrogens in the environment. In this study, all oestrogens indicate a strong association with organic carbon of the soils. The solid-water partition coefficient (K d ) values obtained in this study shown a good correlation to the organic carbon content as well as the calculated sorption coefficient normalised to organic carbon (K oc ) values. Thus, it can be concluded that organic carbon plays an important factor to bind oestrogens in soils and the K ow is a good predictor of sorption as the affinity of these compounds in soils is strongly dependent to their K ow values. Mir Sujaul Islam was born in Bangladesh and received his the first degree education from there. He was then pursued his master DEGREE and PhD in National University of Malaysia. His research interest is in the water quality assessment and environmental management.
